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Abstract 
 
In this paper, we have analysed the particle number and CO2 concentration data from four previous 
dynamometer studies, each consisting of a number of heavy-duty vehicles of different age and 
operating on different diesel fuel blends. Emission rates were calculated for four operational modes 
corresponding to 0%, 25%, 50% and 100% of the maximum rated engine power. In a given mode the 
calculated CO2 emission rates were approximately the same for all vehicles, but the calculated particle 
number emission rates varied considerably between vehicles. Using concentrations measured directly 
from the dilution tunnel, we found that the ratio of diluted particle number concentration, to diluted 
CO2 concentration (P/C Ratio) was directly proportional to the calculated undiluted particle number 
emission concentration, with a high degree of correlation. These observations suggest that the P/C 
Ratio within the diluted sample is a good indicator of the particle number emission concentration for 
the undiluted exhaust. This was confirmed by grouping the vehicles according to age whence the 
newest age group, expected to have the cleanest emissions, always showed the lowest P/C Ratio. An 
additional series of experiments were conducted on-road with a light duty diesel vehicle, at speeds 
ranging from 40 to 100 km h-1. The diluted exhaust emissions were collected in a large bag housed in a 
trailer attached to the back of the vehicle. Various dilution ratios were achieved by sampling over a 
range of distances directly behind the vehicle tail-pipe outlet. As expected, the particle number 
concentration in the bag, for different distances and therefore different dilution ratios, showed a 
definite relationship to the dilution ratio, however the P/C Ratio was independent of dilution for 
dilution ratios in the range 20 to 110.  
Based on the results of the dynamometer and on-road studies, it is suggested that the P/C Ratio 
may be used as a viable method for the rapid identification of high particle number emitting vehicles 
as they drive past on a road. The technique has the added advantage that it is independent of the 
position of the sampling point in relation to the emission plume. 
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1. Introduction 
 
Although engine emission technology and fuel properties have improved considerably over the last 
decade or two, motor vehicle traffic, particularly diesel-powered heavy-duty vehicles, still 
constitutes the major source of particle pollution in urban environments. Diesel Particulate Matter 
(DPM) is visible as black smoke or soot at the tailpipes of vehicles. DPM consists mainly of 
elemental carbonaceous particles that agglomerate and adsorb other species such as organic 
gaseous products. Associated particle sizes range from about 3 nm to 1 μm. In terms of number, 
most of these particles are in the ultrafine size range - smaller than 0.1 μm. They are respirable and 
penetrate deep into the human pulmonary interstitial spaces provoking inflammation and may have 
a profound effect on health, particularly in heart and respiratory diseases (Donaldson et al, 1998; 
Pope, 2000). The epidemiological relationship between airborne particle mass concentrations and 
adverse health effects has been well documented (Samet et al., 2000; Pope, 2000). However, the 
role of ultrafine particles is not well understood, mainly because data on ambient concentrations of 
ultrafine particles, particularly from vehicle emissions, is largely unavailable. Most of the 
epidemiological research has been concentrated on particle mass measurements. The correlation 
between ambient particle mass concentration and particle number concentration is poor, so that the 
monitoring of particulate mass (PM10 and PM2.5) and total suspended particulate (TSP) mass 
cannot be considered as a substitute for particle number concentrations. 
 
Studies have shown that the particle number emission factors vary considerably between vehicles. 
In general, the total amount of emissions from an on-road vehicle fleet is often dominated by a 
relatively small number of vehicles with high emissions. For example, Zhang et al (1995) and 
Bishop and Stedman (1996), from roadside measurements on over one million cars at 22 locations 
worldwide, showed that the majority of the measured on-road exhaust emissions were from the 
highest emitting 10% of vehicles for carbon monoxide (CO) and 15% of the vehicles for 
hydrocarbons (HC). These vehicles were termed ‘gross polluters’. Very few new cars were gross 
polluters (about 1% of 2-year old cars). As the vehicles got older, the average emissions increased. 
The effect of vehicle age on emissions is two fold. First, as a vehicle gets older there is increased 
wear and tear, and the rate of consumption of fuel and lubricating oil is expected to increase. 
Secondly, older vehicles were not subject to stringent emission controls and not technologically 
designed to meet the standards expected of modern vehicles today. Both these factors may 
contribute to older vehicles being higher polluters than newer models. It is, therefore, not 
unreasonable to expect the oldest vehicles on the road to be the worst polluters. However, Bishop 
and Stedman (1996) showed that, 60% of cars manufactured without catalysts prior to 1974 were 
in fact not gross polluters. They concluded that most of the high-emitting vehicles were badly 
maintained. Thus, although age played a role, the more important factor in determining the 
emission level of a vehicle was its recent maintenance history. It is therefore not possible to label 
vehicles as high or low emitters merely based on their age, without carrying out emission 
measurements. 
 
Vehicle emission studies are generally carried out on dynamometers where the drive and load 
conditions are closely controlled. In the sampling system, a small fraction of the exhaust flow is 
extracted and mixed with a known volume of clean dry air to obtain a required dilution ratio. 
Emission factors are calculated from the measured pollutant concentrations in the diluted exhaust. 
Such calculations are made very difficult under roadway conditions owing to the uncertain dilution 
conditions. Once emitted to the environment, dilution ratios may approach 1000 within a time of 1 
s (Dolan and Kittelson, 1979). Determining the precise dilution ratios at the point of measurement 
is difficult. The nature, composition, shape and extent of the exhaust plume after it leaves the tail 
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pipe of a vehicle is influenced by many factors such as turbulence, wind speed and wind direction. 
Thus, estimating the average dilution ratio of the plume as it reaches the monitoring sensor by 
mathematical modelling or calculation is fraught with difficulty. 
 
Bishop and Stedman (1996) developed a technique using a set of non-dispersive infra-red (NDIR) 
emitters and sensors strategically placed on either side of a road for the remote detection of 
exhaust emission gases from passing vehicles. The infra-red beam was positioned horizontally at 
the mean height of the vehicle tail-pipes and the sensor was programmed to trigger each time a 
vehicle drove past so that the sampling was at roughly the same position relative to each vehicle. 
In this way, they were able to determine ratios of CO and HC to carbon dioxide (CO2). These two 
ratios were assumed constant for a given exhaust plume. Typical engine parameters were then used 
to calculate the tail-pipe CO2 mass emission factors, assuming that they were from a fully 
stoichiometric gasoline vehicle, and hence the CO and HC emission factors were estimated. It 
should be noted that the system only measured the ratios of the two gases to CO2 and therefore it 
did not matter where the sampling was done within the exhaust plume of a vehicle as, at every 
point, each component gas was expected to be diluted by the same fraction. Remote sensing 
technology exists for the detection of various exhaust gases as well as soot, but not for particle 
number concentration. Existing particle number sensors, such as the TSI scanning mobility particle 
sizer (SMPS), require the extraction of an air sample for analysis. Extracting an air sample from 
the exhaust plume will not provide a means of estimating the particle number emission factor of 
the engine without knowledge of the dilution ratio at the point of sampling. One method of doing 
this is by using CO2 as a tracer. Kim et al (2001, 2002) used the relative concentration of CO2, 
defined as the ratio of the CO2 concentration at a given location to the raw exhaust CO2 
concentration, to estimate dilution ratios in the exhaust plume of a heavy-duty truck in a wind 
tunnel. Shi et al (2002) simultaneously measured particle number and CO2 mass concentrations 
near a road when vehicles were driven past under known conditions. They then used the CO2 
concentration as a tracer of exhaust gas dilution to estimate the particle number emission factors of 
the vehicles. The concentration of CO2 in the raw exhaust was calculated from typical diesel 
engine specifications assuming complete fuel combustion and found to be a good first 
approximation. 
 
This paper analyses the particle number and CO2 concentration data from four previous 
dynamometer studies, each consisting of a number of heavy-duty vehicles. It is shown that the CO2 
emission rates remain relatively constant from vehicle to vehicle under similar engine operating 
conditions. Emission data collected from a vehicle under real world dilution conditions are used to 
show that the P/C Ratio does not vary within a given emission plume in the environment. The 
possibility of using the P/C Ratio to rapidly identify passing vehicles with high particle number 
emission rates is critically examined. 
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2. Experimental 
 
2.1 Vehicles and Fuels 
 
Data from four sets of emission measurements previously carried out under similar conditions on 
the same chassis dynamometer, each on a selected number of heavy-duty vehicles, were analysed. 
The four studies are denoted as Tests A, B1, B2 and C. The details of the vehicles used in these 
tests are summarised in Table 1. 
 
Test A was conducted in 1995 on eleven Brisbane City Council transport buses that could be 
broadly categorized into three age groups – 1, 3 and 8 years old at the time of measurement. All 
buses operated on diesel fuel with a sulphur content of 5000 ppm (HS – high sulphur diesel). 
Measurements were carried out in 15 operating modes based on standard SAE tests for heavy-duty 
diesel vehicles. Details of this study may be found in Morawska et al (1998). For reasons that will 
be explained under Test B, the analysis is restricted to four modes: Mode 8 (idle speed), and 
Modes 12, 11 and 9 corresponding to engine powers of 25%, 50% and 100% of the maximum 
rated power respectively. 
 
Test B was carried out in 2001 and included twelve buses drawn from the same fleet as Test A, but 
including a broader age distribution (1 to 19 years). The sample included three buses designed 
according to the newer Euro II emission standards operative in 2000. These twelve buses were 
tested with two fuel types and, in order to differentiate them, they are denoted as Test B1 (LS - low 
sulphur diesel with 500 ppm sulphur) and Test B2 (ULS – ultra-low sulphur diesel with 50 ppm 
sulphur). Measurements were obtained in four operating modes selected from the standard 13-
mode ECE-R49 diesel emission test cycle for heavy-duty vehicles. These were Modes 7, 11, 10 
and 8 corresponding to engine powers of 0% (idle), 25%, 50% and 100% of rated maximum 
power. It is important to note that the mode numbers in Test A refer to the 15-mode cycle while in 
the other three tests they refer to the 13-mode cycle. Thus, modes 8, 12, 11 and 9 in Test A are the 
same as modes 7, 11, 10 and 8 respectively in the other three tests and correspond to respective 
engine powers of 0%, 25%, 50% and 100% of the maximum rated power. Details of this study 
may be found in Ristovski et al (2002). 
 
Test C included four heavy-duty trucks operating on diesel/LPG blend fuel. Two of the trucks 
were less than 1 year old, while the other two were 6 and 7 years old. This study was carried out 
over the 13-mode SAE standard cycle but, once again for purposes of comparison, we select and 
analyse the results from only the four modes described above in Test B. Specific details of this 
study may be found in Ristovski et al (2004). 
 
2.2 Sampling Methods 
 
In all experiments, the vehicles were tested on a chassis dynamometer with the tail-pipe attached to 
a primary sampling tube. A small portion of the exhaust flow from the tube was drawn out and 
mixed with clean dry air in a dilution tunnel. In Test A, sampling was carried out from the dilution 
tunnel (Morawska et al, 1998). In the other tests, a sample of air from the dilution tunnel was 
further diluted by a factor of 10 with an ejector pump (TSI Dekati diluter) to provide an overall 
dilution ratio ranging from about 50 at 100% power to about 200 at 0% power in the idle mode 
(Ristovski et al, 2002). Dilution ratios were estimated by comparing the CO2 concentrations 
measured with a gas analyser sampling from the ejector pump, dilution tunnel and primary 
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exhaust. Particles were monitored using an SMPS set to an up-scan time interval of 120 s followed 
by a retrace time of 60s giving an operating particle size window of 8 nm to 400 nm. Emission 
rates and concentrations were calculated using the exhaust flow rate, which was determined by 
measuring the pressure drop across a restriction orifice in the primary sampling line. 
 
In order to test if the dilution ratio varies within the exhaust plume, some further experiments were 
performed using a four-wheel drive diesel vehicle under on-road driving conditions. A detailed 
description of this study will not be given here as these findings are to be reported elsewhere 
(Morawska et al., 2005). These experiments were conducted at vehicle speeds in the range 40 to 
100 km.h-1. The diluted emissions were collected in a large conductive bag housed in a trailer 
attached to the back of the vehicle. Sampling was carried out at distances from 1 to 3 m, directly 
behind the vehicle tail-pipe outlet. After collection, particle number and CO2 concentrations in the 
bag were monitored with an SMPS and TSI Qtrak respectively over a period of about two minutes. 
CO2 and particle number concentrations were corrected for background concentrations. The 
dilution ratios of the samples were estimated as the ratio of the concentrations of oxides of 
nitrogen (NOx) at the tailpipe to that in the bag. NOx was used as opposed to CO2 owing to the 
relatively high CO2 concentration in ambient air. The NOx concentration at the tailpipe was 
monitored with a portable engine gas analyser while the concentration in the bag was measured 
with a laboratory-type NOx analyser. 
 
3. Results and Discussion 
 
As explained earlier, in all four sets of dynamometer studies, the results are restricted to the four 
operational modes corresponding to engine powers of 25%, 50% and 100% of the maximum rated 
power. The particle number concentrations were measured in the diluted samples and the 
corresponding emission rates and emission concentrations were calculated using the respective 
flow rates and dilution ratios measured in each experiment.  
 
3.1 Carbon Dioxide 
 
A particularly interesting observation in all four sets of dynamometer tests was the relatively 
similar CO2 emission rate from all vehicles in a given operational mode. The result from Test B2, 
with twelve buses operating on ULS diesel, is shown graphically in Fig 1(a). In contrast, the 
corresponding particle number emission rate in a given mode varied considerably between buses 
(Fig 1(b)). A very similar trend was observed in each of the other three tests considered. Fig 1(c) 
shows the ratio of the particle number emission rate to CO2 mass emission rate in Test B2, denoted 
as the P/C Ratio and expressed in millions of particles per mg of CO2. The abscissa shows the bus 
identification number from 1 to 12, ranked according to decreasing age from left to right. Since the 
CO2 emission rate was consistent between buses, it is suggestive that the P/C Ratio gives a good 
indication of the high particle number emitting buses. The three buses on the far right (no’s 4, 5 
and 2) were the newest in the sample (1 year old) and these have the lowest P/C Ratios in each of 
the four modes. Bus no 7, although not in the oldest age group, seems to be a particularly high 
particle emitter, especially in the 100% power load (mode 8).  
 
3.2 Fuel Consumption Rate 
 
The CO2 emission rate from a vehicle is directly proportional to the fuel consumption rate. For a 
typical diesel powered vehicle, the conversion factor is about 2.5 kg per litre of fuel (AGO, 2003). 
The measured CO2 emission rate was used to calculate the mean fuel consumption rate of the 
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buses in each of the four operational modes. The result for Test B2 using ULS diesel is shown 
graphically in Fig 2(a). The fuel consumption rate increases from 42 ml min-1 in the idle mode to 
967 ml min-1 at 100% power. As was seen with the CO2  rates in Fig 1(a), of particular interest in 
Fig 2(a) is the narrow scatter in fuel consumption rate between buses in a given mode. The error 
bar in each mode represents the standard error of the mean value of the fuel consumption rate of 
the twelve buses.  
 
3.3 Particle Number 
 
Fig 2(b) shows the particle number produced per ml of fuel in the four modes. Note that the 
number is not significantly different between modes, that is, it does not vary significantly with 
engine load. Since the emitted CO2 concentration is directly proportional to the fuel consumption 
rate, it follows that the P/C Ratio did not vary significantly with engine load or mode. 
3.4 P/C Ratio and Age Groups 
 
Next, in each test, the vehicles were grouped according to age and the mean P/C Ratio calculated 
for each age group. Since the P/C Ratio did not vary with mode, the means in each group was 
calculated by averaging over all buses in that group in all four modes. The results are shown 
graphically in Figs 3 (a) through (c). The error bars show the standard error of the mean P/C Ratio 
values. 
 
In Fig 3(a), presents the result for Test A for the buses operating on HS diesel fuel. The eleven 
buses were classed into three groups with 3, 3 and 5 buses in the age groups 1, 3 and 8 yrs 
respectively. To make it possible to compare results between tests, the analysis was restricted to 
the four modes used in Test B. The mean ratio shows a decrease with age. As expected, the newest 
set of buses (age 1 yr) shows the lowest P/C Ratio, that is, on the average, they are the lowest 
particle number emitters. The oldest set of buses (age 8 yrs) shows the highest P/C Ratio and are 
more likely to be higher particle number emitters. 
 
Fig 3(b) presents the same graphs for Tests B1 and B2 respectively. These two tests consisted of 
five age groups each, with 3, 3, 3, 1 and 2 buses in age groups 1, 6, 8, 11 and 19 yrs respectively. 
Again, the values of the P/C Ratio are averaged over the four modes. Although there is 
considerable scatter between buses within a given age group, in each of the two tests B1 and B2 
the newest group of buses (age 1 yr) has the lowest mean P/C Ratio. Fig 3(c) presents the result of 
Test C involving the four heavy-duty trucks operating on diesel/LPG blend fuel. Here, the two 
older trucks (T1 and T5) have much higher P/C Ratios than the two one-year old trucks (T6 and 
T4). The six-year old truck (T5) clearly appears to be the highest emitter of the four vehicles. 
 
The age of a vehicle is not the only factor responsible for the particle number  rates. However, in 
general, it is to be expected that older vehicles have a higher emission rate than new vehicles, and 
this prediction is shown-up well in the observations described above.  
 
3.5 P/C Ratio versus Particle Number Emission Concentrations 
 
The more important aspect, at least as far as this paper is concerned, is to investigate whether the 
P/C Ratio is a true reflection of the higher particle number emitting vehicles. Thus, in Fig 4, we 
plot the P/C ratio as a function of the emitted particle number concentration. As the CO2 emission 
rate varies with load, the points for the four modes have been plotted with different symbols. For 
clarity, trend lines are shown for the lowest (idle) and highest (100%) power modes only. Note that 
the mode numbers in Test A refer to the 15-mode cycle while in the other three tests, they refer to 
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the 13-mode cycle. Thus, modes 8, 12, 11 and 9 in Test A are the same as modes 7, 11, 10 and 8 in 
the other three tests and correspond to respective engine powers of 0%, 25%, 50% and 100% of the 
maximum rated power. The axes are both linear, and the slopes of the best-fit straight lines and R2 
values, showing the coefficients of regression, are shown next to the plots.  
 
An interesting finding of this study is that, in all four test cases, the slopes of the best-fit straight 
lines are remarkably similar with a high degree of correlation. This is a consequence of the fuel 
consumption rate, and hence the CO2 emission rate, being very similar in all vehicles at a given 
engine power. Thus, it is suggested that the P/C Ratio may be safely used as an indicator to 
identify the high particle number emitting vehicles. 
 
Further, the slope of a straight line represents the reciprocal of the mean CO2 mass emission 
concentration. For example, in the idle mode the slope was 3 x 10-5 millions cm3 mg-1. The 
reciprocal of this figure is 33 g m-3, which is the mean CO2 mass emission concentration in the idle 
mode. The slope of the 100% power load line was 6 x 10-6 millions cm3 mg-1, giving a 
corresponding mean CO2 mass emission concentration of 165 g m-3. 
 
The significance of these graphs requires some further explanation. At a given engine load, the 
scatter of the points about the straight line is owing to any variations in fuel consumption rate and, 
hence, the CO2 emission concentrations between vehicles. The distribution of the points along the 
straight line provides an indication of the emitted particle number concentrations from the 
vehicles. On a given straight line, each point represents an individual vehicle. The higher particle 
number emitting vehicles would be found at the upper end of a line, while the lower emitting 
vehicles are generally clustered close to the lower end of the line.  
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3.6 P/C Ratio and Dilution 
 
A useful feature of the P/C Ratio is that it does not vary significantly with dilution. Of course, 
under certain conditions, the particle number concentration may vary within limits, due to 
coagulation and chemical reactions in the atmosphere leading to nucleation. However, this occurs 
only under very specific conditions. For example, Kittelson et al (2002) and Shi et al (2001) have 
reported the formation of nanoparticles as the exhaust plume from vehicles cools and is subject to 
dilution in the environment. Gramotnev and Ristovski (2004) have reported an increase of particle 
number concentration at a certain distance from a busy road as the emissions are carried away by 
the wind. However, these observations are not common and in most experiments the measured 
particle number concentration at a point may be assumed to be inversely proportional to the 
dilution ratio at that point. 
 
Results from the on-road study using the truck with the bag collection method were used to test the 
hypothesis that the P/C Ratio does not change significantly as the emissions undergo dilution in the 
atmosphere. Fig 5 shows (a) the particle number concentration and (b) the P/C Ratios, determined 
for dilution ratios in the range 20 to 110, as measured in the bag. This range of dilution ratios was 
achieved by varying the capture distance within the range 1 m and 3 m from the tailpipe. The 
measured dilution ratios were found to be within a reasonable range of the values obtained 
experimentally and theoretically by Kim et al (2001, 2002) who used CO2 as a tracer to monitor 
the dispersion of the plume from the exhaust stack of a heavy-duty truck within a large wind 
tunnel. At a wind speed of 55 mph (88.5 km h-1), the dilution ratio at a distance of 2.54 m from the 
stack was found to be 100. In comparison, in the present experiments, the dilution ratio at a 
distance of 2 m from the tailpipe of the truck driving at 80 km h-1, was about 75. Fig 5(a) 
confirmed the existence of a very strong relationship between the measured plume particle number 
concentration and dilution. Contrary to this behaviour with particle number concentration, there 
was no such apparent relationship between the P/C Ratio and dilution ratio (Fig 5(b)). Correlation 
analysis using all 36 available data pairs showed that any existing linear relationship between the 
P/C Ratio and dilution ratio was not statistically significant (p=0.61). The small correlation 
coefficient obtained (r = -0.09) implies that such a relationship would contribute less than 1% to 
the P/C Ratio variance. Therefore, the P/C Ratio can be considered independent of the dilution 
ratio within the range 20 to 110 at vehicle speeds in the range 40 to 100 km h-1. 
 
This is an important finding, as it suggests that the measured value of the P/C Ratio is independent 
of the sampling point within the diluted emission plume. As described earlier, the CO2 emission 
rate from a vehicle is determined by its fuel consumption rate. Thus, since higher P/C Ratios 
suggest higher particle emitters, it would be possible to identify high particle number emitting 
vehicles driving on a road by monitoring the P/C Ratios in the exhaust plumes. The method has the 
added advantage that it overcomes the need to know where the emission plume is in relation to the 
sampling point. 
 
4. Conclusions 
 
In each of the four sets of measurements, the CO2 emission rate at a given operational mode did 
not vary significantly between vehicles. This observation confirmed that the CO2 emission rate (C) 
was controlled by the fuel consumption rate, which is expected to be roughly the same for all 
diesel vehicles of a given type, operating at a given load. In contrast, the corresponding particle 
number emission rate (P) in a given mode varied considerably between the same vehicles. So, a 
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vehicle with a high P/C Ratio would be a high particle number emitter and a vehicle with a low 
P/C Ratio would be a low particle number emitter. 
 
The particle number produced per ml of fuel was not significantly different between modes, that is, 
it did not vary significantly with engine load. 
 
When the vehicles were grouped according to their age, the mean P/C Ratio in each group showed 
an increase with increasing age. In each of the four tests, the newest group of vehicles showed the 
lowest P/C Ratio, that is, on the average, newer vehicles were the lowest particle number emitters. 
Although, this is to be expected, the observation is useful as it lends credence to the hypothesis that 
the P/C Ratio may be used to identify high particle number emitting vehicles. 
 
In order to verify this, the P/C ratio was plotted as a linear function of the emitted particle number 
concentration. The slopes of the best-fit straight lines in a given mode were remarkably similar 
across all four tests with a high degree of correlation. This suggests that the P/C Ratio may reliably 
be used to discriminate between high and low particle number emitting vehicles. 
 
Results of the bag collection experiment with the on-road vehicle showed that the particle number 
concentration measured in the bag showed a statistically significant decrease as the dilution ratio 
of the sample in the bag increased. However, the P/C Ratio in the bag did not show this change, 
that is the P/C Ratio did not vary with dilution and was independent of the sampling point within 
the diluted emission plume. Therefore, in using this technique, it is not necessary to determine the 
P/C Ratio at the exhaust. If the P/C Ratio were measured at any point within the emission plume, it 
would be the same as the P/C Ratio in the exhaust. 
 
These findings suggest that the proposed method of using CO2 as a tracer is viable in identifying 
and weeding out high particle number emitting vehicles driving on a road, with the added 
advantage that it overcomes the need to know where the emission plume is in relation to the 
sensors. 
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Table 1 
 
 
Test ID Test 
Date 
 
Vehicle 
Type 
Age 
Range
(yrs) 
Number 
of Vehicles
Tested 
Number 
of Modes
Tested 
Fuel 
A 1995 Buses 1-8 11 15 Diesel 
HS 5000ppm 
B1 2001 Buses 1-19 12 4 Diesel 
LS 500ppm 
B2 2001 Buses 1-19 12 4 Diesel 
ULS 50ppm 
C 2002 Trucks 1-7 4 13 Diesel/LPG 
 
 
 
Details of the vehicles and test conditions used in the dynamometer studies. 
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Figure Captions 
 
 
1. Summary of Test B2 results for (a) CO2 emission rate (b) particle number emission rate and (c) 
the P/C Ratio for the twelve buses operating on ULS diesel in the four operating modes. The 
abscissa shows the bus number. The age of the buses decrease from left to right. 
 
2. (a) Mean fuel consumption rate of the buses and (b) mean particle number produced per ml of 
fuel, averaged over the twelve buses operating on ULS diesel in Test B2, shown for each of the 
four operational modes.  
 
3. The P/C Ratio for sets of vehicles grouped according to age. Age, in years, decreases from left 
to right. (a) Test A (b) Tests B1 and B2 and (c) Test C. The newest set of vehicles has the 
lowest mean ratio in each of the four tests.  
 
4. The P/C Ratio as a function of particle number concentration in the four tests. Points for all 
four modes are plotted, although the best-fit straight lines are shown only for the lowest (idle) 
and highest (100% power) modes. The equation next to each line shows the respective slope 
and linear regression coefficient. See the text for the significance and further explanation of 
these plots. 
 
5. (a) The particle number concentration and (b) the P/C Ratio versus the dilution ratio measured 
behind the tail-pipe of the vehicle driving on the road. (a) shows a significant relationship 
between the two parameters while (b) does not. 
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Fig 1 
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Fig 2 
 
 
 
 
(a) Fuel Consumption Rate (ml min-1)
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Fig 3 
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Fig 4 
 
(c ) Test B2
y = 2.9E-05x
R2 = 0.99
y = 5.6E-06x
R2 = 0.97
0
200
400
600
800
0.0E+00 5.0E+07 1.0E+08 1.5E+08
Particle Number Concentration (cm-3)
P/
C
 R
at
io
 (m
ill
io
ns
 m
g-
1 )
Mode7
Mode11
Mode10
Mode8
(b) Test B1
y = 3.0E-05x
R2 = 0.99
y = 7.2E-06x
R2 = 0.80
0
200
400
600
800
0.0E+00 5.0E+07 1.0E+08 1.5E+08
Particle Number Concentration (cm-3)
P/
C
 R
at
io
 (m
ill
io
ns
 m
g-
1 )
Mode7
Mode11
Mode10
Mode8
(a) Test A
y = 2.7E-05x
R2 = 0.67
y = 4.8E-06x
R2 = 0.86
0
200
400
600
800
0.0E+00 5.0E+07 1.0E+08 1.5E+08
Particle Number Concentration (cm-3)
P/
C
 R
at
io
 (m
ill
io
ns
 m
g-
1 )
Mode8
Mode12
Mode11
Mode9
(d ) Test C
y = 3.2E-05x
R2 = 0.99
y = 6.1E-06x
R2 = 0.98
0
200
400
600
800
0.0E+00 5.0E+07 1.0E+08 1.5E+08
Particle Number Concentration (cm-3)
P/
C
 R
at
io
 (m
ill
io
ns
 m
g-
1 )
Mode7
Mode11
Mode10
Mode8
 19
 
  
Fig 5 
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P No shows a definite relationship with dilution
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